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Rac1, a member of the Rho family of small GTPases, is crucial for morphological changes
of the mature neuronal synapse including spine formation and activity-dependent spine
enlargement, while its role in the formation of associated memories, such as conditioned
fear memory, is not clear. Here, we report that selective deletion of Rac1 in excitatory
neurons, but not in parvalbumin inhibitory neurons, impaired short- and long-term
memories (STM and LTM) of fear conditioning. Conditional knockout of Rac1 before
associative fear training in the basolateral amygdala (BLA), a key area for fear memory
acquisition and storage, impaired fear memory. The expression of dominant-negative
mutant of Rac1, or infusion of Rac1 inhibitor NSC23766 into BLA blocked both STM
and LTM of fear conditioning. Furthermore, selective inhibition of Rac1 activation in BLA
immediately following fear conditioning impaired STM and LTM, demonstrating that fear
conditioning-induced Rac1 activation in BLA plays a critical role in the formation of both
STM and LTM of conditioned fear.
Keywords: Rac1, fear conditioning, BLA, memory formation, STM, LTM
INTRODUCTION
Fear conditioning is a classic model of associative fear learning, which is critical for animals
to trigger adaptive behaviors in response to dangerous environmental threats. In a typical fear
conditioning protocol, the animals are exposed to a neutral conditioned stimulus (CS), such as
tone or the context of the conditioning chamber, paired with an aversive unconditioned stimulus
(US), such as an electric footshock. After this CS-US association learning, the CS could elicit a set
of defensive responses, such as freezing (Kim and Jung, 2006).
Studies have shown fear conditioning involves integration of CS and US inputs in the
lateral amygdala (LA) and fear memory is stored in the basal amygdala (BA; Long et al.,
2013) . The alterations in signaling and synaptic plasticity in the basolateral amygdala (BLA,
composed of LA and BA) encode key aspects of the fear learning (Schafe et al., 2001; Long
et al., 2013; Xu and Wang, 2013). Fear conditioning involves different stages of memory.
Initial learning of the CS-US association during fear training is referred to as fear memory
acquisition. During the 24-h period following fear learning, short-term memory (STM)
which lasts minutes to hours consolidates into long term memory (LTM), which lasts days,
weeks, or even a lifetime (McGaugh, 1966). Lesions and functional inactivation of BLA
interfere with fear conditioning (Phillips and LeDoux, 1992; Baldi and Bucherelli, 2015),
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and fear conditioning induces neural plasticity in BLA (Quirk
et al., 1995; Rogan et al., 1997; Goosens and Maren, 2004;
Schafe et al., 2005). Furthermore, recent studies have indicated
that activation of a number of membrane-bound receptors and
intracellular signaling molecules in BLA is required for fear
conditioning. NMDA receptors (NMDARs) and metabotropic
glutamate receptors (mGluRs) are proved to contribute to the
formation of STM and LTM. Blockade of the NR2B subunit
of the NMDAR in the amygdala before fear conditioning
impairs the formation of STM and LTM (Rodrigues et al.,
2001). Infusion of mGluR5 antagonist into the amygdala prior
to fear conditioning impairs both STM and LTM (Rodrigues
et al., 2002). Multiple signal cascades including cAMP/PKA and
ERK/MAPK have been implicated in memory consolidation.
Fear conditioning results in a transient activation of ERK/MAPK
in the amygdala and perfusion of PKA or ERK inhibitors into
LA before fear conditioning causes the impairment of LTM
(Schafe and LeDoux, 2000; Schafe et al., 2000; Moita et al., 2002).
Evidence indicates that the molecules participating in neuronal
morphology changes are needed for fear memory formation as
well. Infusion of actin cytoskeleton assembly inhibitors into the
amygdala immediately before fear conditioning interferes with
the formation of LTM (Fischer et al., 2004; Mantzur et al., 2009).
Ras-related C3 botulinum toxin substrate 1 (Rac1) is a
member of the small Rho GTPase family and a master protein
of cytoskeletal changes (Jaffe and Hall, 2005; Newey et al.,
2005). Like all GTP-binding proteins, Rac1 cycles between an
inactive GDP-bound state and an active GTP-bound state. Rac1
is activated by guanine nucleotide exchange factors (GEFs),
which catalyzing the exchange of GDP-bound inactive forms for
GTP-bound active forms. The active Rac1 activates downstream
signaling pathways to control a wide range of the functions of
neurons, including cell migration, neuronal morphogenesis, and
synapse formation (Luo, 2000; Tashiro et al., 2000; Etienne-
Manneville and Hall, 2002; Heasman and Ridley, 2008). The
involvement of Rac1 in fear memory has been also reported. Rac
translocation and activation are increased in the hippocampus
following associative fear conditioning in mice, and these
increases can be blocked by infusion of the NMDA receptor
channel blocker before fear conditioning (Martinez et al., 2007).
The activation of cerebral Rac1 before training enhances fear
memory (Diana et al., 2007), and extinction of contextual fear
memory requires down regulation of Rac1 (Sananbenesi et al.,
2007). Rac also regulates forgetting in Drosophila and rats, and
the activation of Rac enhances, while inhibition of Rac impairs
forgetting (Shuai et al., 2010; Jiang et al., 2015). Injection of
Rac1 inhibitor NSC23766 into BLA immediately after memory
retrieval disrupted the reconsolidation of auditory Pavlovian fear
memory (Wu et al., 2014). However its role in fear memory
acquisition and consolidation is not clear.
MATERIAL AND METHODS
Subjects
Rac1flox/flox, CaMKIIα-cre and PV-cre mice were obtained
from Jackson Laboratories (Stock number: 005550, 005359,
012358). Rac1flox/flox mice were crossed with CaMKIIα-cre or
PV-cre mice to generate conditional Rac1 knockout mice with
Rac1 ablated primarily in glutamatergic excitatory neurons or
PV interneurons. Seven-week-old male C57BL/6 mice were
purchased from the Shanghai SLAC Laboratory Animal Co.,
Ltd. 8–10 weeks old mice were used for behavioral experiments.
All subjects were maintained on a reversed 12 h light/dark
cycle at 25◦C with food and water available ad libitum. All
animal treatments were strictly in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by Animal Care and Use Committee
of Shanghai Medical College of Fudan University.
Virus Construct and Packaging
Plasmids encoding Rac1 dominant negative mutant (Rac1-DN)
were provided by Dr. Xiaobing Yuan (Institutes of Neuroscience,
Shanghai Institutes for Biological Science, Chinese Academy
of Science, China). A synapsin promoter-driven AAV vector
was used to express Rac1-DN and EGFP reporter by cloning
Rac1-DN-IRES-EGFP into the AAV BamHI/EcoRI restriction
site. AAV2/8 with a titer exceeding 1 × 1012 vg/mediolateral
(ML) was used for injection (Neuron Biotech Co., Ltd.). To
obtain mice with Rac1 conditionally knocked out in BLA, the
AAV encoding Cre recombinase and EGFP reporter (AAV-
EF1α-EGFP-T2A-Cre) or control virus (AAV-EF1α-EGFP-T2A)
produced by Neuron Biotech Co., Ltd. was injected into BLA of
Rac1flox/flox mice.
Stereotactic Surgery
Mice were anaesthetized (chloral hydrate: 400 mg/kg, i.p.) and
implanted with 26 gauge pedestal guide cannula (Plastics One,
Inc.) targeting to BLA according to the following coordinates:
anterioposterior (AP): −1.7 mm; ML: ± 3.2 mm; dorsoventral
(DV): –3.5 mm. The mice were fixed with dental acrylic
cement. Dummy cannulas were inserted into the guide cannulas
following surgery and remained in place until the time of
drug injection. The intended stereotaxic coordinates for AAV
injection were: AP:−1.7 mm; ML:± 3.2 mm; DV: –4.5 mm. The
virus was injected 0.5 µl each side at a rate of 0.1 µl/min. After
injection, the needle (33 Gauge, Hamilton Robotics, Inc.) stayed
for five additional minutes before it was slowly withdrawn.
Drugs and Intracranial Injections
NSC23766 (Tocris) was dissolved in saline (10 µg/µl,
0.5 µl/side). The control group was treated with saline (0.5
µl/side). The drug was freshly prepared for the experiments.
To inject NSC23766 or saline into BLA, the 33 Gauge mating
internal cannulas with 1 mm projection (Plastics One, Inc.) were
used by connecting with an infusion pump (BAS) and the liquid
was injected at a rate of 0.1 µl/min. After injection, the internal
cannula stayed for two additional minutes before withdrawal.
Cued Fear Conditioning
Mice were handled once every day for 3 days. A computer-
controlled fear conditioning system (MED Associates) was used.
The conditioning chamber (30× 25× 33 cm3) was composed of
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stainless steel rod floor surrounded by a sound-attenuating box.
During the memory acquisition phase (8 min), the mice received
three training trials with a 2-min intertrial interval. In each trial,
the mice were exposed to a tone (CS: 2800 Hz, 80 dB, 30 s)
that co-terminated with a footshock (US: 0.7 mA, 0.5 s). Then
the mice were re-exposed to the conditioning chamber with a
novel environment 1 h or 24 h after training for 3-min adaptation
followed by 3-min tone. The freezing percentage during each CS
was automatically analyzed to reflect the memory acquisition,
STM and LTM of fear conditioning.
Immunohistochemistry
The animals were anesthetized by chloral hydrate (400 mg/kg,
i.p.) and transcardially perfused with saline, followed by 4%
paraformaldehyde in PBS. Then the brains were quickly removed
and post fixed with 4% paraformaldehyde at 4◦C for about 4
h and stored in 30% PBS-buffered sucrose solution for 72 h.
Coronal sections (30 µm) were cut with a cryostat (Leica)
and washed in PBS, blocked with blocking buffer (10% donkey
serum in PBS containing 0.3% Triton X-100) for 1 h, and
incubated in mouse anti-Rac1 antibody (1:20, Cytoskeleton)
and rabbit anti-PV antibody (1:1000, Swant) overnight at 4◦C.
Sections were subsequently rinsed with PBS, incubated with
secondary antibody (1:50,000, Jackson ImmunoResearch) for
2 h at room temperature, and rinsed with PBS. As the last
step, the slices were mounted with anti-quenching mounting
medium (Thermo Fisher Scientific) and then the coverslips
were applied. The images were captured under a LSM 510
laser confocal fluorescence microscope (Carl Zeiss). Raw images
obtained from three non-contiguous sections of BLA were used
for determination of the integrated optical density (IOD) of the
stained structures to quantify Rac1 expression in GFP positive
neurons.
Statistical Analysis
The data are presented as mean ± SEM, and were statistically
analyzed using Sigmaplot 12.5. For the open field task, data were
analyzed by two-way analysis of variance (ANOVA) and t-test.
For the fear conditioning task, data were analyzed by two-way
ANOVA followed by Bonferroni’s post hoc test with sessions
as a within-subjects factor and genotype or drug treatment as
a between-subjects factor. Values of p < 0.05 are defined as
statistically significant.
RESULTS
Rac1 in Excitatory Neurons is Required for
STM and LTM of Conditioned Fear
The role of Rac1 in fear memory was tested in Rac1 conditional
knockout mice which lack Rac1 in excitatory (CaMKII;
Rac1flox/flox) or inhibitory (PV; Rac1flox/flox) neurons. During
the training session, the mice were exposed to three trials of
30 s tone co-terminated with one footshock. The response
of Rac1 conditional knockout mice to footshock was similar
to that of the wild type (Rac1flox/flox) mice, with increasing
freezing levels from the 1st to 3rd trial (data not shown). After
three CS-US parings of fear training, mice were exposed to
a novel context and presented with the same CS (tone) 1 h
or 24 h after training to test STM and LTM. As shown in
Figures 1A,B when presented with CS 1 h and 24 h after
training, the mice with Rac1 deletion in CaMKIIα-positive
neurons (CaMKII;Rac1flox/flox) displayed significantly decreased
freezing levels compared with their wild-type (Rac1flox/flox)
and heterozygous (CaMKII;Rac1flox/wt) littermates (Figure 1A,
1 h, two-way ANOVA, Fgenotype×session(2,36) = 3.390, p = 0.045;
Figure 1B, 24 h, two-way ANOVA, Fgenotype×session(2,38) = 6.393,
p = 0.004), suggesting Rac1 deletion in excitatory neurons
impairs both short-term and long-term fear memory formation.
In contrast, as shown in Figures 1C–E, the mice with Rac1
deletion in PV inhibitory neurons (PV; Rac1flox/flox) showed
no change in freezing level compared with their wild-type
(Rac1flox/flox) and heterozygous (PV; Rac1flox/wt) littermates,
when presented with CS 1 h or 24 h after training (Figure 1C,
1 h, two-way ANOVA, Fgenotype×session(2,30) = 0.0506, p = 0.951;
Figure 1D, 24 h, two-way ANOVA, Fgenotype×session(2,32) = 0.23,
p = 0.796). These results suggest that Rac1 in excitatory neurons
is required for STM and LTM of conditioned fear.
Rac1 in BLA is Required for STM and LTM
of Fear Conditioning
The auditory fear memory is amygdala-dependent, and BLA
contains a majority of spiny glutamatergic excitatory neurons
(80%) and a minority of sparsely spiny GABAergic interneurons
(20%; Orsini and Maren, 2012). Therefore, the potential role
of Rac1 in BLA in STM and LTM formation was examined.
AAV encoding Cre recombinase/EGFP was bilaterally infused
into BLA of Rac1flox/flox mice (Figure 2A). Expression of EGFP
and Rac1 in BLA was detected 2 weeks after infection to verify
the effect of viral expression. As shown in Figure 2B, Rac1
immunofluorescence in BLA significantly reduced in EGFP-
positive neurons in Rac1flox/flox mice infected with AAV-EF1α-
EGFP-T2A-Cre (Figure 2B, t-test, p = 0.009). Two weeks
after virus injection, mice were subjected to three-trial training
for auditory fear conditioning followed by STM or LTM
test (Figure 2C). During the training session, mice showed
normal learning of fear memory (Figure 2D, two-way ANOVA,
Fgenotype×session(2,96) = 0.0555, p = 0.946). Rac1 conditional
knock out in BLA of Rac1flox/flox mice significantly decreased
freezing percentage when presented with CS 1 h or 24 h
after training, suggesting impaired STM and LTM (Figure 2E,
1 h, two-way ANOVA, Fgenotype×session(1,34) = 5.993, p = 0.020;
Figure 2F, 24 h, two-way ANOVA, Fgenotype×session(1,30) = 5.416,
p = 0.027; Bonferroni’s post hoc test). In the locomotion
task, the conditional Rac1 knockout and control groups spent
comparable time in the central and peripheral areas of the
arena (Figure 2G, two-way ANOVA, F(1,28) = 1.055, p = 0.313)
and their total distance traveled in the open field has no
difference (Figure 2H, t-test, p = 0.24), suggesting that amygdala-
specific deletion of Rac1 does not change innate anxiety or
motor activity. The above results indicate that Rac1 in BLA
is required for both short-term and long-term fear memory
formation.
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FIGURE 1 | Conditional knockout of Rac1 in CaMKIIα-positive excitatory neurons impaired short-term and long-term fear memory. (A,B) Ablation of
Rac1 in the CaMKII excitatory neurons decreased freezing at 1 h (A, Rac1flox/flox: n = 6, CaMKII; Rac1flox/wt: n = 6, CaMKII; Rac1flox/flox: n = 9, ∗∗∗p < 0.001 vs.
Rac1flox/flox and CaMKII; Rac1flox/wt group) and 24 h (B, Rac1flox/flox: n = 6, CaMKII; Rac1flox/wt: n = 8, CaMKII; Rac1flox/flox: n = 8, ∗∗p < 0.01 vs. Rac1flox/flox group,
∗∗∗p < 0.001 vs. CaMKII; Rac1flox/wt group) auditory fear memory tests. (C,D) Ablation of Rac1 in the PV inhibitory neurons did not change freezing at 1 h
(C, Rac1flox/flox: n = 6, PV; Rac1flox/wt: n = 8, PV; Rac1flox/flox: n = 8) or 24 h (D, Rac1flox/flox: n = 6, PV; Rac1flox/wt: n = 6, PV;Rac1flox/flox: n = 7) auditory fear memory
test. (E) Immunofluorescence staining of Rac1 (red) and PV (green) in basolateral amygdala (BLA) of PV; Rac1flox/flox and Rac1flox/flox mice. Scale bar: 25 µm.
The Activation of Rac1 in BLA is Required
for STM and LTM of Fear Conditioning
The function of Rac1 GTPase in regulation of neuronal
morphology depends on its activation. The requirement of
activation of BLA Rac1 for fear memory formation was
examined by approaches of expression of Rac1 dominant-
negative mutant (Rac1-DN) and infusion of Rac1 inhibitor
NSC23766 in BLA (Yao et al., 2011; Dietz et al., 2012). Rac1-
DN, which competitively blocks GEF activation of Rac1, was
cloned into AAV vector. The AAV encoding Rac1-DN/EGFP
or control EGFP was bilaterally infused into BLA of C57BL/6
mice and the expression of EGFP reporter in BLA could be
detected 2 weeks after viral infection (Figures 3A,B). Fear
conditioning was conducted in these mice 2 weeks after
the infusion of virus and the fear memory test was carried
out 1 h or 24 h after fear conditioning (Figure 3C). In
the fear conditioning training session, mice in both Rac1-
DN and control EGFP infected groups displayed comparable
fear learning during paired US-CS fear training and no
significant difference between them was found (Figure 3D,
two-way ANOVA, Fgenotype×session(2,81) = 1.395, p = 0.254),
indicating that disruption of Rac1 activation in BLA does not
affect the initial learning of fear memory. However, when
US-CS trained mice were re-exposed to CS 1 h or 24 h
after training, the mice expressing Rac1-DN in the amygdala
displayed significantly decreased freezing behavior compared
with those infected with control virus (Figure 3E, 1 h, two-
way ANOVA, Fgenotype×session(1,24) = 5.521, p = 0.027; Figure 3F,
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FIGURE 2 | Conditional knock out of Rac1 in BLA disrupted STM and LTM of fear conditioning. (A) Fluorescence image of AAV infected BLA. Scale bar:
100 µm. (B) Immunofluorescence staining of Rac1 (red) in BLA of Rac1flox/flox mice infected with AAV and the quantification of integrated optical density (IOD) of
Rac1 in EGFP positive cells (n = 20 subjects each, ∗∗p < 0.05). Scale bar: 20 µm. (C) Experimental design. Two weeks after virus injection, mice were subjected to
fear conditioning training followed by 1 h or 24 h memory test. (D) The freezing levels during each tone presentation in the training session (EGFP: n = 16, Cre/EGFP:
n = 18). (E,F) Ablation of Rac1 in BLA decreased the freezing levels at 1 h (E, EGFP: n = 8, Cre/EGFP: n = 11, ∗∗∗p < 0.001) and 24 h (F, EGFP: n = 8, Cre/EGFP:
n = 9, ∗∗∗p < 0.001) auditory fear memory tests. (G,H) The results of a 30 min locomotion test in an open-field apparatus (EGFP: n = 9, Cre/EGFP: n = 7).
24 h, two-way ANOVA, Fgenotype×session(1,26) = 14.122, p <
0.001). The open field test showed blockade of Rac1 activation
did not affect anxiety or locomotion (Figure 3G, two-way
ANOVA, F(1,38) = 1.464, p = 0.234; Figure 3H, t-test, p =
0.386). These results suggest that the activation of Rac1 in
BLA is required for both STM and LTM of conditioned
fear.
To confirm that the effect of chronic expression of AAV-
Rac1-DN on fear memory is through direct suppression of
Rac1 activation, but not through upregulation of Rac1-induced
secondary effect, such as neuronal morphology changes in
the brain, the effect of pharmacological blockade of Rac1
activation by NSC23766, an inhibitor of Rac1 activation by
directly binding to Rac1 and prevent its activation by GEF,
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FIGURE 3 | Expression of Rac1 dominate-negative mutants in BLA blocked both STM and LTM of conditioned fear. (A) Schematic representation of AAV
injection sites. (B) Fluorenscence image of AAV infection in BLA. Scale bar: 100 µm. (C) Experimental design. Two weeks after AAV injection, mice were subjected to
fear conditioning training followed by 1 h or 24 h memory test. (D) The freezing levels during each tone in training session (EGFP: n = 15, Rac1-DN: n = 14).
(E,F) The expression of Rac1 DN mutant in BLA decreased the freezing levels at 1 h (E, n = 7 of each group, ∗∗∗p < 0.001) and 24 h (F, EGFP: n = 8, Rac1-DN:
n = 7, ∗∗∗p < 0.001) auditory fear memory tests. (G,H) The results of a 30 min locomotion test in an open-field apparatus (EGFP: n = 11, Rac1-DN: n = 10).
was determined. NSC23766 or saline was bilaterally infused
into BLA 30 min before fear conditioning, and fear memory
tests were performed 1 h or 24 h later after fear conditioning
(Figure 4A). As shown in Figure 4B, NSC23766 pretreatment
did not affect fear learning (Figure 4B, two-way ANOVA,
Fgenotype×session(2,54) = 0.345, p = 0.71), but decreased freezing
when mice were presented with CS 1 h or 24 h after training
(Figure 4C, 1 h, two-way ANOVA, Fdrugeffect×session(1,24) = 4.542,
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FIGURE 4 | Inhibition of Rac1 activity in BLA disrupted STM and LTM of fear conditioning. (A) Experimental design for (B–D). 30 min after NSC23766
injection, mice were subjected to fear conditioning training followed by 1 h or 24 h memory test. (B) The freezing levels during each tone in training session (Saline:
n = 8, NSC23766: n = 11). (C,D) Inhibition of Rac1 activity in BLA decreased the freezing levels at 1 h (C, n = 7 of each group, ∗∗∗p < 0.001) and 24 h (D, Saline:
n = 10, NSC23766: n = 8, ∗∗∗p < 0.001) auditory fear memory tests. (E) Experimental design for (F,G). NSC23766 was injected 5 min after fear conditioning training
and the memory test was performed 1 h or 24 h post training. (F,G) Post-training inhibition of Rac1 activity in BLA decreased the freezing levels at 1 h (Saline: n = 11,
NSC23766: n = 10, ∗∗∗p < 0.001) and 24 h (Saline: n = 6, NSC23766: n = 8, ∗∗p < 0.01) auditory fear memory test.
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p = 0.044; Figure 4D, 24 h, two-way ANOVA,
Fdrugeffect×session(1,32) = 5.202, p = 0.029). These results support
the notion that activation of BLA Rac1 is required for STM and
LTM formation.
Given that Rac1 inactivation before fear training impaired
fear memory formation but did not affect the fear learning
efficiency, we hypothesized that Rac1 activation in BLA after fear
training may be critical for fear memory. Therefore, the effect of
NSC23766 injected into BLA 5 min after fear conditioning was
observed (Figure 4E). The NSC23766-treated group displayed
significantly lower freezing than that of the saline group when
presented with CS 1 h or 24 h after training (Figure 4F, two-way
ANOVA, Fdrugeffect×session(1,38) = 4.728, p = 0.036; Figure 4G, two-
way ANOVA, Fdrugeffect×session(1,24) = 4.345, p = 0.048), indicating
that the activation of BLA Rac1 after fear learning is required for
the formation of associative fear memory.
DISCUSSION
In the present study, we found that loss of Rac1 in excitatory
neurons impaired STM and LTM of fear memory, and the
ablation of Rac1 in BLA, a key brain region for auditory fear
memory with abundant glutamatergic neurons, also impaired
the formation of STM and LTM. Furthermore, the expression
of Rac1 dominant-negative mutant or the injection of Rac1
inhibitor NSC23766 into BLA before fear conditioning blocked
the formation of STM and LTM as well. In addition, infusion of
NSC23766 into BLA after fear conditioning disrupted STM and
LTM of fear memory. Our results showed that the post-training
activation of Rac1 in BLA is critical for fear memory formation.
Studies have shown that Rac1 is involved in cocaine addiction.
Repeated cocaine administration can negatively regulate Rac1
activity in the nucleus accumbens (NAc) and Rac1 signaling
mediates structural and behavioral plasticity in response to
cocaine exposure (Dietz et al., 2012). Injection of NSC23766 into
the NAc core can inhibit the consolidation of cocaine-induced
conditioned place preference (CPP) and injection of NSC23766
into BLA can disrupt the reconsolidation of cocaine-induced
CPP (Ding et al., 2013). Other studies show the involvement of
Rac1 in learning and memory. Intraperitoneal injection of the
bacterial toxin cytotoxic necrotizing factor 1 (CNF1) to activate
Rho GTPases, including Rac1, improves fear conditioning and
spatial learning (Diana et al., 2007). Selective elimination of Rac1
in excitatory neurons in the forebrain impairs synaptic plasticity
and Rac1 mutant mice display deficits in working/episodic-
like memory in the delayed matching-to-place task (Haditsch
et al., 2009). Injection of NSC23766 into BLA can disrupt
the reconsolidation of auditory fear memory, while injection
of NSC23766 into CA1 can disrupt the reconsolidation of
contextual fear memory (Wu et al., 2014). But the role of Rac1
in fear memory learning and consolidation is not clear. Our
study showed that the activation of BLA Rac1 is not required
for fear memory learning, but necessary for both STM and LTM
formation. However, Rac1 has been shown to be actively involved
in forgetting and inhibition of Rac activity retards memory decay
(Shuai et al., 2010). Our results do not exclude the possibility that
the impairment of fear memories is due to disruption of memory
retrieval or enhanced memory forgetting.
Rac1 can trigger activation of multiple signaling pathways
(Bai et al., 2015). A classic downstream signaling of Rac1 is
the PAK/LIMK pathway which regulates the dynamics of actin
cytoskeleton (Nikolic, 2002). Activation of Rac1 can lead to
polymerization of cerebral actin cytoskeleton. Accumulating
evidence has shown that the actin cytoskeleton changes in fear
memory formation in amygdala (Lamprecht, 2011). Infusion
of actin cytoskeleton assembly inhibitors into the amygdala
impaired the consolidation and reconsolidation of fear memory
(Rehberg et al., 2010), and blocked the reacquisition when re-
exposed to the US at the last extinction session (Motanis and
Maroun, 2012). In addition, the synaptic plasticity is modulated
by actin cytoskeleton, including the orchestration of the pre-
synaptic vesicle cycle and the organization and trafficking of
postsynaptic receptors (Kuriu et al., 2006; Xu and Wang, 2013;
Gordon-Weeks and Fournier, 2014). Rac1 regulates dendritic
spine morphogenesis, which is required for synaptic plasticity,
through the modulation of actin cycling (Kennedy et al., 2005).
These data suggest that Rac1 maymediate memory formation via
modulation of actin cytoskeleton.
Our study shows that Rac1 is required for both STM and LTM
formation, but inactivation of Rac1 before fear conditioning does
not affect the apparent learning response during training trials,
which is believed critical for memory acquisition. It has been
proposed that the acquisition and STM formation processes are
likely supported by distinct molecular mechanisms (Rodrigues
et al., 2004). In addition, Rac1 is not only required for LTM
but also STM formation, indicating that Rac1 is likely required
by process in addition to morphology alterations for LTM
formation (Lamprecht and LeDoux, 2004). In the hippocampus,
the activation of Rac1 is increased 1 h after fear conditioning
and remaining elevated 24 h after training (Diana et al., 2007),
indicating the activation of Rac1 is long-lasting and persistent,
which is critical for fear memory formation. Consistent with this
proposal, our study found that the activation of Rac1, including
post-training activation, is required for fear memory formation.
Taken together, our study revealed that Rac1 and its post-
training activation in BLA are required for the formation of
auditory fear memory. The downstream signaling pathways
regulated by Rac1 in fear memory formation are remained to be
elucidated. The study of the role of Rac1 in different memory
processes may help to understand the development of memory
in our brain.
FUNDING
This research was supported by Ministry of Science
and Technology Grants (2015CB553501, 2013CB835102,
2014CB942801), and National Natural Science Foundation
of China Grants (91232307, 31571036, 31430033, 31421091,
31371136, 31270034).
ACKNOWLEDGMENTS
We thank Dr. Xiaobing Yuan for providing Rac1 DN plasmid.
Frontiers in Molecular Neuroscience | www.frontiersin.org 8 November 2015 | Volume 8 | Article 65
Gao et al. Rac1 regulates fear memory formation
REFERENCES
Bai, Y., Xiang, X., Liang, C., and Shi, L. (2015). Regulating rac in the nervous
system:molecular function and disease implication of rac gefs and gaps. Biomed
Res. Int. 2015:632450. doi: 10.1155/2015/632450
Baldi, E., and Bucherelli, C. (2015). Brain sites involved in fear memory
reconsolidation and extinction of rodents. Neurosci. Biobehav. Rev. 53,
160–190. doi: 10.1016/j.neubiorev.2015.04.003
Diana, G., Valentini, G., Travaglione, S., Falzano, L., Pieri, M., Zona, C., et al.
(2007). Enhancement of learning and memory after activation of cerebral Rho
GTPases. Proc. Natl. Acad. Sci. U S A 104, 636–641. doi: 10.3410/f.1059697.
519688
Dietz, D. M., Sun, H., Lobo, M. K., Cahill, M. E., Chadwick, B., Gao, V., et al.
(2012). Rac1 is essential in cocaine-induced structural plasticity of nucleus
accumbens neurons. Nat. Neurosci. 15, 891–896. doi: 10.1038/nn.3094
Ding, Z. B., Wu, P., Luo, Y. X., Shi, H. S., Shen, H. W., Wang, S. J., et al.
(2013). Region-specific role of Rac in nucleus accumbens core and basolateral
amygdala in consolidation and reconsolidation of cocaine-associated cue
memory in rats. Psychopharmacology Berl. 228, 427–437. doi: 10.1007/s00213-
013-3050-8
Etienne-Manneville, S., and Hall, A. (2002). Rho GTPases in cell biology. Nature
420, 629–635. doi: 10.1038/nature01148
Fischer, A., Sananbenesi, F., Schrick, C., Spiess, J., and Radulovic, J. (2004).
Distinct roles of hippocampal de novo protein synthesis and actin
rearrangement in extinction of contextual fear. J. Neurosci. 24, 1962–1966.
doi: 10.1523/jneurosci.5112-03.2004
Goosens, K. A., and Maren, S. (2004). NMDA receptors are essential for the
acquisition, but not expression, of conditional fear and associative spike firing
in the lateral amygdala. Eur. J. Neurosci. 20, 537–548. doi: 10.1111/j.1460-9568.
2004.03513.x
Gordon-Weeks, P. R., and Fournier, A. E. (2014). Neuronal cytoskeleton in
synaptic plasticity and regeneration. J. Neurochem. 129, 206–212. doi: 10.
1111/jnc.12502
Haditsch, U., Leone, D. P., Farinelli, M., Chrostek-Grashoff, A., Brakebusch, C.,
Mansuy, I. M., et al. (2009). A central role for the small GTPase Rac1 in
hippocampal plasticity and spatial learning and memory. Mol. Cell. Neurosci.
41, 409–419. doi: 10.1016/j.mcn.2009.04.005
Heasman, S. J., and Ridley, A. J. (2008). Mammalian Rho GTPases: new insights
into their functions from in vivo studies. Nat. Rev. Mol. Cell. Biol. 9, 690–701.
doi: 10.1038/nrm2476
Jaffe, A. B., and Hall, A. (2005). Rho GTPases: biochemistry and biology. Annu.
Rev. Cell Dev. Biol. 21, 247–269. doi: 10.1146/annurev.cellbio.21.020604.150721
Jiang, L., Mao, R., Zhou, Q., Yang, Y., Cao, J., Ding, Y., et al. (2015). Inhibition
of Rac1 activity in the hippocampus impairs the forgetting of contextual
fear memory.Mol. Neurobiol. doi: 10.1007/s12035-015-9093-6 [Epub ahead of
print].
Kennedy, M. B., Beale, H. C., Carlisle, H. J., and Washburn, L. R. (2005).
Integration of biochemical signalling in spines. Nat. Rev. Neurosci. 6, 423–434.
doi: 10.1038/nrn1685
Kim, J. J., and Jung, M. W. (2006). Neural circuits and mechanisms involved
in Pavlovian fear conditioning: a critical review. Neurosci. Biobehav. Rev. 30,
188–202. doi: 10.1016/j.neubiorev.2005.06.005
Kuriu, T., Inoue, A., Bito, H., Sobue, K., and Okabe, S. (2006). Differential
control of postsynaptic density scaffolds via actin-dependent and -independent
mechanisms. J. Neurosci. 26, 7693–7706. doi: 10.1523/jneurosci.0522-06.2006
Lamprecht, R. (2011). The roles of the actin cytoskeleton in fear memory
formation. Front. Behav. Neurosci. 5:39. doi: 10.3389/fnbeh.2011.00039
Lamprecht, R., and LeDoux, J. (2004). Structural plasticity and memory. Nat. Rev.
Neurosci. 5, 45–54. doi: 10.1038/nrn1301
Long, H. X., Liu, B., Hou, B., Wang, C., Li, J., Qin, W., et al. (2013). The long
rather than the short allele of 5-HTTLPR predisposes Han Chinese to anxiety
and reduced connectivity between prefrontal cortex and amygdala. Neurosci.
Bull. 29, 4–15. doi: 10.1007/s12264-013-1299-x
Luo, L. (2000). Rho GTPases in neuronal morphogenesis. Nature Reviews
Neuroscience 1, 173–180. doi: 10.1038/35044547
Mantzur, L., Joels, G., and Lamprecht, R. (2009). Actin polymerization in lateral
amygdala is essential for fear memory formation. Neurobiol. Learn. Mem. 91,
85–88. doi: 10.1016/j.nlm.2008.09.001
Martinez, L. A., Klann, E., and Tejada-Simon, M. V. (2007). Translocation
and activation of Rac in the hippocampus during associative contextual fear
learning. Neurobiol. Learn Mem. 88, 104–113. doi: 10.1016/j.nlm.2007.01.008
McGaugh, J. L. (1966). Time-dependent processes in memory storage. Science 153,
1351–1358. doi: 10.1037/e666632011-165
Moita, M. A., Lamprecht, R., Nader, K., and LeDoux, J. E. (2002). A-kinase
anchoring proteins in amygdala are involved in auditory fear memory. Nat.
Neurosci. 5, 837–838. doi: 10.1038/nn1002-1017d
Motanis, H., andMaroun, M. (2012). Differential involvement of protein synthesis
and actin rearrangement in the reacquisition of contextual fear conditioning.
Hippocampus 22, 494–500. doi: 10.1002/hipo.20915
Newey, S. E., Velamoor, V., Govek, E. E., and Van Aelst, L. (2005). Rho GTPases,
dendritic structure and mental retardation. J. Neurobiol. 64, 58–74. doi: 10.
1002/neu.20153
Nikolic, M. (2002). The role of Rho GTPases and associated kinases in regulating
neurite outgrowth. Int. J. Biochem. Cell Biol. 34, 731–745. doi: 10.1016/s1357-
2725(01)00167-4
Orsini, C. A., and Maren, S. (2012). Neural and cellular mechanisms of fear and
extinction memory formation. Neurosci. Biobehav. Rev. 36, 1773–1802. doi: 10.
1016/j.neubiorev.2011.12.014
Phillips, R. G., and LeDoux, J. E. (1992). Differential contribution of amygdala and
hippocampus to cued and contextual fear conditioning. Behav. Neurosci. 106,
274–285. doi: 10.1037/0735-7044.106.2.274
Quirk, G. J., Repa, J. C., and Ledoux, J. E. (1995). Fear Conditioning Enhances
Short-Latency Auditory Responses of Lateral Amygdala Neurons - Parallel
Recordings in the Freely Behaving Rat. Neuron 15, 1029–1039. doi: 10.
1016/0896-6273(95)90092-6
Rehberg, K., Bergado-Acosta, J. R., Koch, J. C., and Stork, O. (2010). Disruption of
fear memory consolidation and reconsolidation by actin filament arrest in the
basolateral amygdala. Neurobiol. Learn. Mem. 94, 117–126. doi: 10.1016/j.nlm.
2010.04.007
Rodrigues, S. M., Bauer, E. P., Farb, C. R., Schafe, G. E., and LeDoux, J. E.
(2002). The group I metabotropic glutamate receptor mGluR5 is required for
fear memory formation and long-term potentiation in the lateral amygdala. J.
Neurosci. 22, 5219–5229.
Rodrigues, S. M., Schafe, G. E., and LeDoux, J. E. (2001). Intra-amygdala
blockade of the NR2B subunit of the NMDA receptor disrupts the
acquisition but not the expression of fear conditioning. J. Neurosci. 21,
6889–6896.
Rodrigues, S. M., Schafe, G. E., and LeDoux, J. E. (2004). Molecular mechanisms
underlying emotional learning andmemory in the lateral amygdala.Neuron 44,
75–91. doi: 10.1016/j.neuron.2004.09.014
Rogan, M. T., Staubli, U. V., and LeDoux, J. E. (1997). Fear conditioning
induces associative long-term potentiation in the amygdala. Nature 390,
604–607.
Sananbenesi, F., Fischer, A., Wang, X., Schrick, C., Neve, R., Radulovic, J., et al.
(2007). A hippocampal Cdk5 pathway regulates extinction of contextual fear.
Nat. Neurosci. 10, 1012–1019. doi: 10.1038/nn1943
Schafe, G. E., and LeDoux, J. E. (2000). Memory consolidation of auditory
pavlovian fear conditioning requires protein synthesis and protein kinase A in
the amygdala. J. Neurosci. 20, RC96.
Schafe, G. E., Atkins, C. M., Swank, M. W., Bauer, E. P., Sweatt, J. D., and
LeDoux, J. E. (2000). Activation of ERK/MAP kinase in the amygdala is
required for memory consolidation of pavlovian fear conditioning. J. Neurosci.
20, 8177–8187.
Schafe, G. E., Doyere, V., and LeDoux, J. E. (2005). Tracking the fear engram: The
lateral amygdala is an essential locus of fear memory storage. J. Neurosci. 25,
10010–10015. doi: 10.1523/jneurosci.3307-05.2005
Schafe, G. E., Nader, K., Blair, H. T., and LeDoux, J. E. (2001). Memory
consolidation of Pavlovian fear conditioning: a cellular and molecular
perspective. Trends Neurosci. 24, 540–546. doi: 10.1002/chin.200151267
Shuai, Y. C., Lu, B. Y., Hu, Y., Wang, L. Z., Sun, K., and Zhong, Y. (2010).
Forgetting is regulated through rac activity in drosophila. Cell 140, 579–589.
doi: 10.1016/j.cell.2009.12.044
Tashiro, A., Minden, A., and Yuste, R. (2000). Regulation of dendritic
spine morphology by the rho family of small GTPases: antagonistic
roles of Rac and Rho. Cereb. Cortex 10, 927–938. doi: 10.1093/cercor/10.
10.927
Frontiers in Molecular Neuroscience | www.frontiersin.org 9 November 2015 | Volume 8 | Article 65
Gao et al. Rac1 regulates fear memory formation
Wu, P., Ding, Z. B., Meng, S. Q., Shen, H. W., Sun, S. C., Luo, Y. X., et al.
(2014). Differential role of Rac in the basolateral amygdala and cornu ammonis
1 in the reconsolidation of auditory and contextual Pavlovian fear memory
in rats. Psychopharmacology Berl. 231, 2909–2919. doi: 10.1007/s00213-014-
3462-0
Xu, K., and Wang, F. (2013). Influence of 5-HTTLPR genotypes on
structural and functional connectivity within amygdala-prefrontal
cortex circuitry. Neurosci. Bull. 29, 1–2. doi: 10.1007/s12264-013-
1302-6
Yao, H. Y., Chen, L., Xu, C., Wang, J., Chen, J., Xie, Q. M., et al. (2011). Inhibition
of Rac activity alleviates lipopolysaccharide-induced acute pulmonary injury
in mice. Biochim. Biophys. Acta 1810, 666–674. doi: 10.1016/j.bbagen.2011.
03.020
Conflict of Interest Statement: The Associate Editor Dr. Abumaria declares that,
despite being affiliated to the same institution as the authors, the review process
was handled objectively and no conflict of interest exists. The other authors declare
that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.
Copyright © 2015 Gao, Yao, Wang, Yang, Liu, Tao, Chen, Liu and Ma. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution and reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Molecular Neuroscience | www.frontiersin.org 10 November 2015 | Volume 8 | Article 65
